Certain species of Lactobacillus and Bifidobacterium are known probiotics that are extensively used in yogurts, dietary adjuncts, and other health-related products (4) . By definition, probiotics are " live microorganisms which when administered in adequate amounts confer a health benefit on the host" (16) . The probiotic strain Lactobacillus rhamnosus HN001 (also known as DR20) has been characterized by a polyphasic approach using microbiological and molecular biological methods. The probiotic properties, such as ability to withstand acid and bile as well as the ability to adhere to human intestinal epithelial cells, have been described (41, 21) . Further, L. rhamnosus HN001 has been shown to enhance natural and acquired immunity in healthy mice (19) . In addition, a genome sequencing initiative for this strain is in progress (34) .
The industrial preservation of lactobacilli involves processes such as freezing, freeze-drying, and air-drying. These processes can result in structural and physiological injury to the bacterial cells, resulting in substantial loss of viability. Initial investigations carried out on bacteria such as Escherichia coli have demonstrated that they possess an inherent ability to adapt to unfavorable environments by the induction of various general and specific stress responses. The survival of these bacteria under adverse conditions is frequently enhanced by these mechanisms. Different responses to different stress treatments (e.g., heat, low pH, osmotic shock, etc.) have been reported, and the heat shock response has been studied extensively (for reviews, see references 25 and 39) . These stress responses are characterized by the transient induction of general and specific proteins and by physiological changes that generally enhance an organism's ability to withstand more adverse environmental conditions (1) . In the case of osmotic stress, the significant physiological changes reported in bacteria include the induction of stress proteins as well as the accumulation of compatible solutes such as betaine, carnitine, and trehalose (8, 28, 35, 49) .
There are only a few reports describing the physiological stress responses in lactic acid bacteria (LAB), particularly Lactobacillus species (5, 22, 32, 46, 48) . Further, there is a paucity of information describing the physiological mechanisms underlying the stress-induced improvement in the survival of LAB in relation to industrial processing and storage conditions. To our knowledge, this is the first study describing the stress responses of L. rhamnosus in relation to viability and industrial processes. In this investigation, we used the analysis of two-dimensional (2D) protein gels combined with the identification of stress proteins by N-terminal sequencing to provide the first insights into the stress response of L. rhamnosus HN001. We have also analyzed the cell extracts (CFEs) for changes in carbohydrate profile in response to stress treatments.
MATERIALS AND METHODS
Bacterial strain. L. rhamnosus HN001 was obtained from the Culture Collection of the Fonterra Research Centre (earlier known as New Zealand Dairy Research Institute), Palmerston North, New Zealand. The number of subcultures used in this study was minimized by maintaining frozen stocks. All the experiments were conducted using the subcultures from the same frozen stock. The cultures were routinely grown in MRS broth (11) at 37°C.
Heat shock and growth characteristics of L. rhamnosus HN001. The growth of L. rhamnosus HN001 was monitored by absorbance at 610 nm (OD 610 ). Growth was initiated at 37°C, and when the OD 610 reached 0.4 to 0.5, the cultures were transferred to water baths maintained at 45, 50, 55, and 60°C for 30 min. The time taken to attain the required shock temperature was less than 3 min. At the end of 10 min, the cultures were restored back to a water bath maintained at 37°C. Growth was further monitored until the cells reached the stationary phase.
Osmotic shock and growth characteristics of L. rhamnosus HN001. L. rhamnosus HN001 was grown in MRS broth at 37°C, and when the OD 610 reached 0.7 to 0.8, the cells were harvested by centrifugation (6,500 ϫ g, 10 min, 4°C) and resuspended in MRS broth containing 0.0, 0.3, 0.4, 0.5, 0.6, or 0.7 M NaCl. Further growth was monitored to assess the effect of osmotic shock on the growth pattern. The osmolality of the MRS broth after the addition of salt was monitored with a vapor pressure osmometer (Wescor Inc., Logan, Utah).
Storage stability of dried L. rhamnosus HN001 cultures. L. rhamnosus HN001 was grown in 1.5-liter lots in MRS broth. When the growth reached the mid-log phase (OD 610 of about 0.7), heat shock (at 50°C) was applied as described above and the culture was immediately chilled and harvested by centrifugation (6,500 ϫ g, 10 min, 4°C). The heat shock (at 50°C) was also given to stationary-phase cultures (after 16 h of growth [OD 610 , ϳ1.6]) of L. rhamnosus HN001. Osmotic shock (0.6 M NaCl) was applied at mid-log phase, and growth was continued until the stationary phase. For each experiment four individual aliquots of MRS broth cultures were inoculated with identical inoculum levels (for heat shock at log and stationary phases, osmotic shock, and a nonshocked control) and grown under identical conditions. At the end of each treatment, the cells were harvested and the cell pellets obtained were reconstituted in chilled 0.1 M phosphate buffer, pH 7.5. The fluid bed drying was carried out at an inlet air temperature of 40°C and an outlet air temperature of 20 to 22°C with a drier from Glatt Air Techniques, Inc. (Ramsey, N.J.). The powders were stored in plastic containers at 30°C for about 4 months. The viable counts were determined at intervals on MRS agar by standard procedures. The paired t test was used to determine the statistical significance with Sigma plot version 4.01 (SPSS Inc., Chicago, Ill.).
Radiolabeling and preparation of CFEs. Radiolabeling of shock proteins was carried out by using [
35 S]methionine and [ 35 S]cysteine (Amersham Biosciences, Piscataway, N.J.). In the case of heat shock, radiolabeling was carried out just (3 min) after the shock treatment (at 50°C) during the mid-log phase (OD 610 , ϳ0.7) as well as at the stationary phase (OD 610 , ϳ1.6) of growth. In the case of osmotic shock, radiolabeling was carried out at the mid-log phase (OD 610 , ϳ0.7) just (3 min) after transfer of the cells into MRS broth containing 0.6 M NaCl International GmbH, Melsungen, Germany) and homogenized with Shake-itBaby (Biospec Products, Bartlesville, Okla.). After homogenization for 10 to 20 min, the suspension was centrifuged and the supernatant (CFE) was collected (43) .
2D gel electrophoresis. An excess of chilled methanol was added to CFE containing 50 to 75 g of protein, and the mixture was kept at Ϫ80°C for 1 h before centrifugation (18,000 ϫ g, 5 min, 4°C) to collect the pellet. The pellet was vacuum dried and resuspended in Immobilised pH Gradient (IPG) (Amersham Biosciences) rehydration buffer (8 M urea, 2% [vol/vol] Triton X-100, 0.5% IPG buffer, and a few grains of bromophenol blue). Endonuclease (Sigma Chemical Co., St. Louis, Mo.) (150 U) was added to the rehydrated sample to remove nucleic acids, and the sample was incubated at room temperature for 20 min. The solution was then added to the IPG strips and rehydrated overnight at 20°C. The rehydrated IPG strips were then placed on a flat electrophoresis unit bed (Amersham Biosciences) and focused at 300 V for 30 min followed by 3,000 V for 4 h. The focused strips were equilibrated (15 min and blotted on a polyvinylidene difluoride membrane by using a Trans-blot apparatus (Bio-Rad) at 24 V overnight at 4°C. Western blotting of membranes with GroEL antibodies was carried out according to the manufacturer's instructions (ECL Western blotting kit; Amersham Biosciences). For N-terminal sequencing, the membrane was stained with Coomassie brilliant blue R-250. The target spots were excised, and N-terminal sequencing was carried out with an amino acid sequencer (model 476A; Applied Biosystems, Foster City, Calif.). For autoradiography, the polyvinylidene difluoride membrane was exposed to Hyperfilm-␤max (Amersham Biosciences) for up to 2 weeks by using standard procedures. The autoradiograms were scanned with a Fluor-S Multimager System (Bio-Rad). The gels were compared by using the Z3 2D PAGE Analysis System (Compugen Inc, Jamesburg, N.J.) according to the instructions supplied by the manufacturer. The gels were normalized by equating the total volume of all spots in the comparative image to the total volume of all spots in the reference image. The relative absorbance units corresponding to protein spots in different gels were used to determine protein synthesis regulation. Preparation and analysis of CFEs. L. rhamnosus HN001 was grown in 2-liter broth cultures and subjected to osmotic shock (0.6 M NaCl) as described above. The control and osmotically shocked cells were harvested (6,500 ϫ g, 10 min, 4°C) and washed with 0.1 M potassium phosphate buffer, pH 7.5. The final pellet was resuspended in sterile distilled water (25 ml) and passed through a French press (Spectronic Unicam Instruments, Rochester, N.Y.) at 520 lb/in 2 . The lysates were centrifuged (29,000 ϫ g, 30 min, 4°C) to separate whole cells and cell wall material from the CFE. The total protein content of the CFE was measured by bicinchoninic acid protein assay (Pierce, Rockford, Ill.). Samples of CFEs were added to 70% (vol/vol) cold methanol, stored at Ϫ80°C for 14 to 16 h, and then centrifuged (29,000 ϫ g, 20 min, 4°C) to remove the proteins and other alcohol-insoluble material. The supernatant was dried in a Speedvac (Savant Instruments, Holbrook, N.Y.), and the resultant powder was dissolved in water (300 l). The carbohydrate content was measured by using the phenol-sulfuric acid method (14) . The filtered (0.22-m-pore-size filter) supernatant was analyzed by high-performance liquid chromatography (HPLC) with a DX500 instrument (Dionex Corp., Sunnyvale, Calif.) with a PA1 column and was monitored by using an ED40 electrochemical detector in pulsed amperometric detection mode. Gradient elution was performed starting at 18 mM NaOH for the first 40 min, followed by a linear gradient to 200 mM NaOH at 55 min, and then with the eluent held at 200 mM NaOH for 5 min. The eluent flow rate was maintained at 1 ml/min. The filtered supernatant was also analyzed by HPLC ion-moderated partition chromatography (1100 series; Hewlett-Packard, Waldbronn, Germany) FIG. 3. Storage stability of L. rhamnosus HN001 in dried form at 30°C. Cultures were grown in MRS broth, stressed by using either heat or salt, and then harvested and dried as described in Materials and Methods. The powders were stored (30°C) under ambient atmospheric conditions away from sunlight in plastic containers. F, nonstressed; ƒ, heat shocked at log phase; s, heat shocked at stationary phase; छ, osmotically shocked. 35 S]cysteine-pulse-labeled proteins derived from strain HN001 grown to mid-log phase at 37°C and labeled for 30 min is shown. The proteins were assigned unique spot numbers. GAP, glyceraldehyde-3-phosphate dehydrogenase; LDH, lactate dehydrogenase; TBPA, tagatose 1,6-diphosphate aldolase; PGK, phosphoglycerate kinase; TPI, triose phosphate isomerase. with an Aminex 42A column (Bio-Rad) (held at 85°C with the guard deashing columns held at 60°C) and elution monitored with a refractive index detector (Hewlett-Packard 1100). Filtered (0.22-m-pore-size filter) MilliQ water was used as the eluent at 0.4 ml/min. Peaks from the HPLC analysis were collected for mass spectrometry analysis. Electrospray mass spectrometry analysis. Underivatized, per-O-methylated, reduced per-O-methylated, and per-O-acetylated carbohydrates were dissolved in water-methanol (1:1, vol/vol) containing 100 M sodium acetate (10) . The oligosaccharides were analyzed in positive-ion mode for all mass spectrometry experiments, using an API 300 triple-quadrupole mass spectrometer with an electrospray source (Perkin-Elmer, Shelton, Conn.).
RESULTS
Growth characteristics of stress-treated cultures of L. rhamnosus HN001. The growth pattern of L. rhamnosus HN001 after heat shock at 45, 50, and 55°C during the exponential growth phase as monitored by OD 610 is shown in Fig. 1 . Heat shock at 45°C for 30 min did not influence the growth rate of L. rhamnosus HN001. Heat shock at 50°C retarded the growth rate slightly (20% growth rate depression), and heat shock at 55°C retarded the growth rate severely (100% growth rate depression). At 2 h after heat shock, the OD 610 values of the control and 50°C-shocked cultures were 1.25 and 1.0, respectively, whereas the OD 610 of the 55°C-shocked culture was only 0.54.
Osmotic shock with 0.3 M NaCl did not affect growth (Fig.  2) , but higher salt concentrations (0.4, 0.5, 0.6, and 0.7 M) reduced the growth rate in the range of 12 to 40%. The osmolality of the MRS broth without any salt addition was 390 Ϯ 2 mmol/kg, whereas addition of 0.6 M NaCl raised this value to 1,498 Ϯ 2 mmol/kg.
Storage stability of dried L. rhamnosus HN001 at 30°C. The viability of L. rhamnosus HN001 was monitored by enumerating the viable counts in the dried powder for up to 14 weeks of storage at 30°C (Fig. 3) . At the end of 14 weeks, the heatshocked (stationary-phase) and osmotically shocked cells showed decreases in viability of 1.6 and 2 log units, respectively. The highest viability losses were observed in unstressed control cultures (7.3-log-unit reduction), followed by cultures heat stressed after the mid-log phase (4.16-log-unit reduction).
Protein synthesis after different growth phases and stress treatments. The regulation of gene product expression by L. rhamnosus HN001 grown to different growth phases and subjected to different stress treatments was investigated by using 2D PAGE of 35 S-labeled proteins and subsequent autoradiography (Fig. 4 to 6 ). The proteins on the gels were given spot numbers (spots 1 to 46). The N-terminal sequences of 11 proteins were determined and identified by comparison with the available protein sequences in the databases. Matches for the N-terminal sequences of spot 9 could not be found in the protein and nucleotide sequence databases (Table 1) . However, the closest match (52% homology) in the L. rhamnosus HN001 genome sequence was found to be tagatose 1,6-diphosphate aldolase.
The protein synthesis levels in unstressed L. rhamnosus HN001 cultures after log-phase growth were compared with the levels after the stationary phase. Also, the protein synthesis patterns in unstressed cultures were compared with those in cultures after heat shock after either the log phase or the stationary phase as well as after osmotic shock after the log phase (Fig. 7) . A 10-fold increase in the relative synthesis of the classical heat shock protein GroEL was observed as the L. rhamnosus HN001 culture passed from the log phase to the stationary phase (Fig. 7A) . When cultures were subjected to heat shock after log phase, a 15-fold increase in GroEL synthesis was observed. Only a 1.5-fold increase was observed when stationary-phase cultures were subjected to heat shock, whereas osmotically stressed L. rhamnosus HN001 showed a threefold increase (Fig. 7A ). For DnaK a similar trend was observed except that the level of DnaK in nonstressed stationary-phase culture was lower than that in nonstressed log-phase culture. The levels of the glycolytic enzymes enolase and lactate dehydrogenase increased by at least twofold when the culture passed from log phase to stationary phase. When heat stress was applied after stationary phase or osmotic stress, the enolase level decreased by about 0.4-and 0.6-fold, respectively. On the other hand, a threefold increase in the lactate dehydrogenase level was observed after osmotic stress. Heat shock at either log or stationary phase did not increase the enzyme levels. A fourfold increase in the level of tagatose-6-phosphate aldolase was observed after either osmotic shock or heat shock after stationary phase. The glyceraldehyde-3-phosphate dehydrogenase level marginally increased when heat shock was applied after log phase. Levels of the other enzymes, triose phosphate isomerase and phosphoglycerate kinase, remained relatively unchanged. Heat shock after stationary phase increased the levels of glyceraldehyde-3-phosphate dehydrogenase and triose phosphate isomerase by 2.5-and 5-fold, respectively. By contrast, the levels of glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase and triose phosphate isomerase decreased after osmotic stress. The level of ABC transport-related protein was higher in nonshocked stationaryphase culture as well as in cultures after the application of stress treatments compared to nonshocked log-phase culture. The highest increase (twofold) was observed after osmotic stress. The levels of histidine-containing protein HPr were more than threefold higher in cultures after log phase (either without or with heat stress) than in the respective stationaryphase counterparts. Carbohydrate metabolites produced during osmotic shock. In an attempt to verify the accumulation of osmolytes in osmotically stressed L. rhamnosus HN001 cultures, treated and untreated CFEs were analyzed for total sugar and total protein. The sugar/protein ratio was higher in the osmotic shock lysate (20 Ϯ 3 g/mg of protein) than in the respective control CFE (15 Ϯ 3 g/mg of protein). Chromatographic analysis of the two CFEs with an Aminex 42A column (data not shown) and a Dionex PA1 column (Fig. 8a) showed significantly different profiles. Comparison of these profiles with those obtained with a malto-oligosaccharide standard and a glycerol standard allowed the identification of tetra-, tri-, di-, and monosaccharide peaks. Further, the electrospray mass spectrometry mass analysis confirmed that these saccharides were both normal and modified tetra-, tri-, di-, and monohexoses (Fig. 8b, methylated oligosaccharides) . Figure 8a shows that the monosaccharide levels (peaks 1 and 2) were similar in the control and treated lysates, whereas the disaccharide levels were higher (two-to fourfold) in the osmotically shocked lysate than in the control lysate. Further, the CFE derived from osmotically shocked L. rhamnosus HN001 had relatively more trisaccharides (peaks 7 and 9) and tetrasaccharides (peak 10) than the control lysate. HPLC analysis with the Aminex 42A column (data not shown) showed significantly higher quantities of glycerol in the unstressed (control) culture lysate than in the osmotically stressed culture lysate. Electrospray mass spectrometry analysis was performed for control and osmotically FIG. 7 . Differential regulation of L. rhamnosus HN001 protein synthesis during different stages of growth and stress treatments. After 2D gel electrophoresis and blotting followed by autoradiography, the autoradiograms were scanned by using a Fluor-S Multimager System (Bio-Rad). The gels were compared by using the Z3 2D-PAGE Analysis System (Compugen Inc.). The relative absorbance units (relative protein synthesis) corresponding to protein spots in different gels were used to determine the changes in protein synthesis. (A) Heat shock proteins; (B) glycolysis-related enzymes; (C) other proteins. For each enzyme the bars are as follow, from left to right: nonstressed log-phase cultures, cultures heat shocked after log-phase growth, cultures osmotically stressed after log-phase growth, nonstressed stationary-phase cultures, and cultures heat shocked after stationary phase growth. For abbreviations of the enzymes, see Fig. 4 (GAPDH, glyceraldehyde-3-phosphate dehydrogenase).
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stressed cell lysates on both the unfractionated methanol supernatant and fractions from the Aminex 42A separation. Analysis of the Aminex 42A fractions was done on nonderivatized saccharides, and the whole-lysate methanol supernatant was analyzed in the nonderivatized, per-O-methylated, reduced and then per-O-methylated, and per-O-acetylated forms. The nonderivatized modified mono-, di-, tri-, and tetrasaccharides were observed at m/z 277, 439, 601, and 763 (M ϩ Na) from the fractions and the cell lysate methanol supernatants. These values are 74 atomic mass units (amu) above the m/z observed for unmodified saccharides (containing hexoses), i.e., m/z 203, 365, 527, and 689 (M ϩ Na), respectively. This mass addition could be achieved by a modifying group introducing a further three carbons, two oxygens, and six hydrogens to the saccharides. Comparison between the per-Omethylated samples and those reduced prior to being per-Omethylated showed no difference in mass, suggesting that the modifying group was bound at reducing terminus carbon one. The increase in mass in the per-O-methylated modified saccharides compared to the per-O-methylated nonmodified saccharides is only 88 amu, which indicates that the modifying group must contain two free hydroxyl groups, the first one to compensate for the reducing hydroxyl now involved in the linkage and the second to account for the extra methyl group added to the mass. The 116-amu difference between the per-O-acetylated modified saccharide and that of an equivalent per-O-acetylated nonmodified saccharide also leads to the same conclusion. Hydrolysis of the cell lysate methanol supernatant showed that the oligosaccharides contained the hexoses glucose and galactose. MS-MS experiments on the per-Omethylated modified disaccharide and trisaccharides suggested that the linkages between the hexose residues were 1,4 and 1,6/1,4, respectively, but further linkage analysis is required to confirm this. From the mass spectrometry data obtained to this point, glycerol is the only candidate molecule we have produced that could modify the oligosaccharides and produce the resultant masses, but it is not possible to indicate to which of the three carbons in the glycerol molecule the oligosaccharides are linked.
DISCUSSION
Large-scale manufacture of probiotic bacteria involves growth in large-scale fermentors followed by cooling, harvesting, freezing, and/or drying (freeze-drying or convective drying). In the present investigation, we studied the protective effect of prestressing L. rhamnosus HN001 with heat or osmotic shock on the viability of dried preparations during storage. We used fluid bed drying technology to dry the cell concentrate. This process is used extensively in the yeast industry and uses a much lower inlet air temperature than conventional spray drying, and hence it can be used to dry heat-sensitive biological material (37) .
Bacteria have evolved stress-sensing systems and defenses against stress, which allow them to withstand harsh conditions and sudden environmental changes (46) . The time taken to initiate the stress response is different for different treatments. For example, bacteria respond to heat shock (51) and osmotic shock (20) quickly (in minutes) compared to cold shock (13) (in hours). Among the stress-induced responses studied in bacteria, the heat shock response has been described in greater detail. In Bacillus subtilis, a model organism for gram positive bacteria, the heat shock response is classified into four categories based on the regulators of the genes. Class I genes are regulated by the HrcA repressor, which binds to the palindromic operator sequence CIRCE (for controlled invert repeat of chaperone expression) (52) . Class II genes are regulated by sigma factor B (42) . Class III genes are controlled by the class III stress gene repressor CtrR, which binds to a specific direct repeat referred to as the CtsR box (12) . The genes regulated by unknown mechanisms are grouped under class IV. For LAB, however, the state of knowledge is quite different. Although heat shock proteins such as DnaK, DnaJ, GrpE, GroES, GroEL, and proteases (Clp, HtrA, FtsH) have been identified and found to be well conserved in LAB, the stress-induced regulatory mechanisms are not well understood (46) . In this study, we found the expression of classical heat shock proteins GroEL and DnaK was up-regulated as a result of heat shock as well osmotic shock treatment. Similar observations were recorded for Lactococcus lactis (31, 50, 52) . Schmidt et al. (44) investigated the molecular characterization of the dnaK operon in Lactobacillus sakei and reported the regulatory mechanism to be similar to B. subtilis class I stress gene regulation. Stress proteins DnaK and GroEL are known molecular chaperones, i.e., they bind substrate proteins in a transient noncovalent manner, prevent premature folding, and promote the attainment of the correct state in vivo (25) . GroEL is also reported to be involved in the protection of mRNA from nuclease degradation, suggesting that it plays an additional role as an RNA chaperone (17) . It is speculated that increasing the concentrations of GroEL and DnaK in bacterial cells (by way of stress treatments) prior to their exposure to severe process treatments (such as drying and/or rehydration) offers protection to cellular proteins and other macromolecules from process-induced damage and denaturation (48) .
Interestingly, the storage stability of the culture that was heat shocked after stationary phase was superior to that of the culture that was heat shocked after log phase. Classical heat shock proteins (DnaK and GroEL) were found to be up-regulated after both log-and stationary-phase growth, indicating that there are other stationary-phase-related viability factors Further, in addition to the observed changes in the synthesis of the shock proteins after various growth stages and stress treatments, changes in the synthesis of some glycolytic enzymes were also observed. The glycolytic enzymes identified in this study constitute the glycolytic cycle in the following order: triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, phosphoglycerate kinase, enolase, and lactate dehydrogenase. At various growth stages and after stress treatments, the levels of the enzymes triose phosphate isomerase, glyceraldehyde-3-phosphate dehydrogenase, and phosphoglycerate kinase were regulated in a similar fashion, indicating that their synthesis is controlled by similar mechanisms. This observation is supported by the genome sequence of L. rhamnosus HN001, which revealed that these genes are clustered into a single operon (M. Lubbers, personal communication). Similar results have been reported for Lactobacillus delbrueckii subsp. bulgaricus (3). In Lactococcus lactis, the glycolytic enzyme synthesis is also linked to the stress response (31), but unlike in L. rhamnosus HN001, the genes gap and tpi are monocistronic (6, 7) . Further, the enzyme tagatose 1,6-diphosphate aldolase (2) was also found to be stress regulated, indicating the utilization of this pathway for energy generation in L. rhamnosus HN001.
Microorganisms respond to a decrease in water activity (increase in osmotic stress) in a medium by accumulating compatible solutes such as glycine betaine and carnitine (28) , trehalose (45, 49) , glucosyl glycerol (15, 23) , and mannosylglycerate (38) . These compatible solutes are not inhibitory to cellular processes even at very high concentrations (submolar). With regard to the osmotic stress response in lactobacilli, significant research on Lactobacillus plantarum has been reported. Unlike the enteric bacteria and B. subtilis, in which glycine betaine is synthesized, L. plantarum relies on the uptake of such compounds from the culture medium (20, 28, 29, 30) . It is believed that the transport of these compatible solutes occurs through the quaternary ammonium compound transport system (QacT), which belongs to the ABC transport superfamily (20) . The accumulation of glycine betaine and carnitine has been shown to enhance survival of L. plantarum after drying (28) . These transporter proteins utilize the energy derived from ATP hydrolysis to fuel the transport of solutes across the membrane (27) . Our investigation identified an ABC transport-related protein (spot 13) which was found to be up-regulated during osmotic shock, implying solute accumulation.
In order to examine the effect of osmotic shock on carbohydrate metabolism, we investigated changes in levels of sugars during this treatment. The fractionation of carbohydrates in the CFEs by HPLC indicated the presence of mono-, di-, tri-, and tetrasaccharides and glycerol. The lysate derived from osmotically stressed cultures showed lower levels of free glycerol and higher levels of modified oligosaccharides than the control lysate. The mass spectrometry data lead us to believe that the modifying group is glycerol bound to the reducing terminus of the molecule. The glycerol found in control lysates may have been derived from glyceraldehyde-3-phosphate or dihydroxyacetone phosphate via the metabolic pathway described for Leuconostoc oenos (47) . The glycerol modification of saccharides will increase the number of hydroxyl groups available in the molecule for interaction with cellular macromolecules (via hydrogen bonding) under conditions of dehydration (water replacement hypothesis [9, 36] ), thus leading to protection of these macromolecules and therefore to a better storage stability of L. rhamnosus. Osmotically induced trehalose has been reported to protect E. coli against desiccation damage (49) .
In conclusion, our results suggest that the robustness of L. rhamnosus HN001 can be improved by stress adaptation to withstand industrial processes (such as drying and rehydration) and storage conditions. The shock (heat or osmotic) protection acquired by dried L. rhamnosus HN001 may be due to the mechanisms associated with stress proteins along with glycolysis-related machinery and other stationary-phase-related proteins and regulatory factors. The stationary-phase-related factors include osmolyte synthesis and accumulation (26, 40) , onset of multiple stress resistance (32) , and starvation-induced stress resistance (24, 18) . Further understanding on the stress regulatory networks associated with the stationary phase gives us information to control these responses in order to achieve desirable robustness of bacteria in relation to various industrial processes.
